ABSTRACT A small percentage of all eggs may be contaminated with Salmonella enteritidis (SE). To eliminate this hazard from the food supply, procedures for pasteurizing eggs in the shell have been developed. At least four research groups are attempting to devise a process to achieve a pasteurized shell egg. Only one of the groups has reported procedures and results. Sound shell eggs were washed to remove surface contaminants.
INTRODUCTION
The minimum requirements for pasteurization of liquid egg products have been extensively researched during the last 60 yr. No literature was found relative to pasteurization of intact shell eggs. A possible explanation for this is that intact eggs at the time of production were considered to be sterile. In the mid-1980s, reports of ovarian infection with Salmonella enteritidis (SE) and the deposition of SE in the egg during formation appeared. Attempts to eliminate SE from laying flocks have not been completely effective. For this reason the possibility of applying the principles of liquid egg pasteurization to intact shell eggs have been investigated.
On April 10, 1995, the Urner-Barry Price Current included a short report that Pappettis' organization had entered into a license agreement with Pasteurized Eggs I. P. of New Hampshire for a system for pasteurizing eggs in the shell. No further details of the process are available. At the 1995 Institute of Food Technologists annual meeting Hou et al. (1995) reported on pasteurization of shell eggs. At that time it was learned that at least two other groups were researching the area. No details of any of the systems except that of Hou et al. (1996) were obtainable. Van Lith et al. (1995) reported that a hot water (57 C) immersion for 30 min did not destroy all Salmonella of inoculated eggs.
It is well documented that egg albumen is heat denatured at lower temperatures than the yolk and that
The clean eggs were then inoculated with high levels of SE cells. The inoculated eggs were then heated by one of several means to a yolk temperature of about 55 C and held at that temperature for varying periods of time. The number of surviving cells was determined. It is possible to obtain a 7 log cycle reduction of SE in inoculated eggs without a significant change in functional or visual quality of the eggs.
1996 Poultry Science 75:1122-1125 bacterial cells in the yolk are usually more heat resistant than similar cells in the albumen. Cunningham (1995) summarized earlier reports on the effects of several temperatures on functionality of egg albumen. The critical temperature appears to be 57 C. At a 57 C temperature for several minutes egg albumen begins to lose foaming ability. A patent was issued to Sourby et al. (1971) for a process of pasteurization of liquid whole egg at temperatures from 52 to 63 C. If liquid egg could be pasteurized at temperatures of less than 57 C, why not shell eggs?
For any minimum pasteurizing process to be effective initial bacterial loads must be minimal. Barrow (1993) suggested that shell surface pathogens may be equally as important as liquid contents contamination prior to ovoposition in the transmission of SE. The incidence of Salmonella on the shell surface can be reduced by washing eggs in an alkaline solution at moderate temperatures (Holley and Proulx, 1986) . The incidence of SE-infected eggs in an SE-infected flock has been estimated to be about 0.5% with less than 100 cfu of SE per egg at the time of production (Humphrey et al, 1989) . Saeed and Koons (1993) reported rapid growth of SE in artificially inoculated eggs. When 20 cfu of SE were inoculated into eggs and then stored at 23 C for 2 to 3 d, a stationary phase of 10 9 cfu was reached. When similarly inoculated eggs were stored at 4 C there was minimal growth of SE during 21 d of storage. Humphrey (1990b) reported no growth of SE in inoculated shell eggs stored at 8 C. He found a lag time of over 100 h at 10 C and only 15 h at 15 C. Generation times for SE were about 21 h at 10 C and 3 h at 15 C. Hopper and Mawer (1988) reported natural infection levels in SE positive eggs to be less than 100 cfu/100 g of yolk. Humphrey et al. (1989 Humphrey et al. ( , 1991 confirmed these findings with usually less than 10 cfu of SE per egg.
(Key words: eggs, pasteurization, Salmonella enteritidis, egg quality) Humphrey et al. (1989) studied location of SE in the intact egg of naturally infected flocks. The SE was found in both albumen and yolk, with greatest concentrations in yolk. Humphrey (1990a) investigated the heat resistance of SE in eggs after storage at 4 C and 8 C for times varying from 0 h to 12 d. Holding for 8 h or more at 4 C resulted in a reduction in heat resistance. Humphrey (1990b) observed no increase in SE cfu when naturally infected eggs were held at 8 C. At higher temperatures generation times for SE were less than those for Salmonella typhimurium. It was found that heat sensitivity of SE organisms was greater in albumen than in yolk by Humphrey et al. (1990) . Barrow (1993) discussed various possibilities for reduction in incidence of SE food poisonings but did not include pasteurization of eggs in the shell. As there is no literature on this subject, this paper presents some possible ways of pasteurizing eggs in the shell.
MATERIALS AND METHODS
With the above background of information regarding eggs and SE, Hou et al, (1996) researched the possibility of destroying SE in eggs inoculated with SE. Only clean shell eggs that had been washed in an alkaline solution, above pH 11 were used (Holley and Proulx, 1986) . The SE were grown in egg yolk prior to inoculation of shell eggs to minimize the effect of media change when inoculated into the yolk of eggs prior to treatments for pasteurization. Levels of inoculation varied from 4 x 10 5 to 4 x 10 7 cfu per gram of egg contents. Normal large eggs were heated in air, water or by microwave to determine times needed to obtain a yolk temperature of 55 C followed by holding times at 55 C.
Pasteurizing treatments were heating of shell eggs in hot water, hot air or with microwave energy followed by varying holding times. Reduction in colony-forming units of streptomycin-resistant SE were determined.
Working with uninoculated eggs subjected to the several pasteurization treatments, determination of interior quality and functional quality changes were made. For interior quality, Haugh units and yolk indices were measured. The only functional quality measurements were on foam volume and stability of the albumen foam.
RESULTS
When eggs were placed in an abundance of water the yolk center was heated to 56 C in about 20 min. In air the time needed was about 1 h and in a microwave oven with less than full power only 2 min were required. With microwave heating, the yolk temperature was 60 C and the albumen was 56 to 57 C (Figure 1) .
The SE-inoculated eggs were held at 55 to 57 C for varying times after heating (Figure 2 ). Several procedures and holding times and conditions were evaluated as to their lethality against the inoculated SE cells (Figures 3, 4 , 5, 6, and 7).
The functionality and interior quality of pasteurized eggs were evaluated. There was no effect on Haugh units and minimal reduction in yolk index using the method of Sauter et al. (1951) . There were no significant change in foam volume or stability of the albumen from the pasteurized eggs.
DISCUSSION
Hot air heating would be the least practical method to heat shell eggs because of the extended time period (> 60 min) required to reach 55 C and represents a poor medium for efficient transfer of heat to the inside of the egg (Figure 1 ). Water bath heating is more efficient, but still requires a heating time of approximately 15 min (Figure 1 ) to reach the critical temperature of 55 to 56 C at which maximum bacterial inactivation occurs without denaturing the protein components of egg white or yolk. This difference in heating efficiency is reflected in the time required for a 3-log cycle reduction of SE in artificially inoculated eggs by hot air (> 125 min) vs water bath (25 min) heating (Figures 3 and 4) . The extent of bacterial inactivation can be increased by holding at this critical temperature to achieve the desired microbial reduction.
Van Lith et al. (1995) indicated that heating artificially inoculated shell eggs at 57 C for 30 min did not result in complete elimination of SE and extended incubation at this temperature would cause coagulation of egg white proteins. Our results confirmed the observation by van Lith et al. (1995) of the partial reduction (3-log cycles, Figure 4 ) of the inoculated cells during water bath heating and of protein denaturation of egg proteins during extended incubation at this temperature. However, by transferring shell eggs from the 57 C water bath to a slightly lower temperature (i.e., hot air oven at 55 C) once the critical temperature was achieved, we were able to maintain the quality of the egg as well as an exponential reduction of Salmonella to over 7-log cycles ( Figure 5 ).
In an effort to further reduce the time required to achieve a 7-log reduction in SE, we implemented a microwave heating step as the primary method to rapidly achieve a come-up temperature close to the target of 55 C. A combination microwave-hot air or microwave-water bath heating regimen significantly reduces the come-up time and provided a 5-log kill in less time than was required to achieve a 3-log kill by either water bath or hot air heating alone (Figures 6 and  7 ). The benefit with microwave heating is that it preferentially heats egg yolk more than egg white, which is strategically better because egg yolk is more resistant to heat denaturation than egg white whereas external conductive heating may denature egg white before lethal temperatures are reached within the yolk. Considering that naturally infected shell eggs contain only 10 to 100 cfu of SE, the levels of destruction demonstrated herein are sufficient to yield SE-negative shell eggs in 30 min. Further efforts will be directed to provide better heat distribution during microwave holding in air at 56 C. heating; it is expected that the use of pilot plant scale commercial equipment may provide pasteurized shell eggs in even less time.
